Introduction
The Ing1 gene was originally identified in the search for genetic suppressor elements (GSEs) that promoted neoplastic transformation of mouse mammary epithelial cells: the GSE that encoded an antisense RNA against a previously unknown gene promoted transformation of fibroblasts and epithelia cells (Garkavtsev et al., 1996) . Since overexpression of cDNA for the identified gene resulted in growth repression of human fibroblasts, it was named Ing1 (abbreviation from 'INhibitor of Growth'; Garkavtsev et al. (1996) ). Decreased expression of ING1 was found in several breast carcinomas and the Ing1 gene was found rearranged in one neuroblastoma cell line pointing at its putative tumorsuppressor function (Garkavtsev et al., 1996) . It was later shown that ING1 expression is increased in senescent human diploid fibroblasts and that expression of Ing1-derived antisense RNA prolongs the lifespan of these cells in culture . In addition, inhibition of Ing1 was associated with a reduced apoptotic response in some cellular systems (Helbing et al., 1997) .
Ing1 belongs to a family of evolutionally conserved genes found in animals, plants and fungi that encode nuclear PHD finger proteins. The Ing1 gene family in humans includes five paralogs named Ing1, Ing2, Ing3, Ing4 and Ing5 (He et al., 2005) . Both mouse and human Ing1 genes encode several protein isoforms translated from different transcripts that are initiated from alternative promoters and consist of different 5 0 -and common 3 0 -exons. The three alternative transcripts of mouse ing1 encode two proteins: p37 (Ing1b) and p31 (Ing1a and Ing1c), one of which is a truncated version of the other (Zeremski et al., 1999) . The human Ing1 gene has similar general structure and expression with one more isoform identified, p47 ING1a , which has not so far been found in mice (Gunduz et al., 2000; Saito et al., 2000) . ING1 is expressed in established cell lines and in all tissues of adult mice, with higher levels found in thymus and testis (Zeremski et al., 1999) .
ING1 was found to be functionally and physically linked to p53 tumor suppressor (Garkavtsev et al., 1998; Zeremski et al., 1999; Leung et al., 2002) , further supporting the putative tumor suppressor function of ING1. There is experimental evidence indicating the involvement of ING1 in repair of UV-induced DNA damage (Cheung, Jr et al., 2001) . Consistently, the deficiency in Ing1 homologues in yeast interferes with normal cell cycle control and drug sensitivity (Loewith et al., 2000) . In keratinocytes (Cheung, Jr et al., 2000) and melanocytes (Cheung, Jr et al., 2001) , the levels of ING1 protein increase upon UV irradiation and its accumulation in nucleoli confirms ING1 involvement in genotoxic stress response (Scott et al., 2001a) .
While functional analyses suggested that ING family members play a role in cell response to genotoxic stress and determination of sensitivity to DNA damage, biochemical analysis of ING proteins revealed their involvement in the enzymatic complexes determining protein acetylation and deacetylation (Skowyra et al., 2001; Kuzmichev et al., 2002; Vieyra et al., 2002) . Moreover, another mammalian member of the ING family, ING2, was found to take part in acetylation of p53 (Nagashima et al., 2001) . Interestingly, p33
ING1b was reported to affect the degree of physical association between proliferating cell nuclear antigen (PCNA) and p300 (Scott et al., 2001b) . Importantly, cooperation of ING1 with p53 and its involvement in histone acetylation/deacetylation complexes are different for different ING1 isoforms (Skowyra et al., 2001; Vieyra et al., 2002) pointing to a functional interplay among the products of Ing1 locus. In summary, although many mechanistic details are still missing, the accumulated data suggest that ING1 proteins are likely to function as a link between DNA repair, apoptosis, and chromatin remodeling via HAT/ING1/PCNA protein complexes (Campos et al., 2004a; He et al., 2005) .
Although the Ing1 gene was mapped to the neartelomeric region of the long arm of human chromosome 13 Zeremski et al., 1997) , which is frequently rearranged in squamous cell carcinomas of head and neck (Maestro et al., 1996) , no cancer-specific rearrangements of Ing1 sequences were found in these types of tumors (Sanchez-Cespedes et al., 2000) or in colorectal cancers (Sarela et al., 1999) , myeloid leukemias and lymphoid malignancies (Ohmori et al., 1999) . Rare somatic mutations in Ing1 were reported in esophageal squamous cell carcinomas (Gunduz et al., 2000; Chen et al., 2001) , breast tumors Tokunaga et al., 2000) and gastrointestinal carcinoma (Oki et al., 1999) ; Ing1 mutations are more common in melanoma, occurring in up to 20% of tumors. Moreover, these mutations are found in functionally important domains of the protein (Campos et al., 2004b) . Expression of ING1 was found to be decreased in a subset of breast , hepatocellular (Ohgi et al., 2002) , lymphoid (Ohmori et al., 1999; Chen et al., 2001 ) and gastric malignancies (Oki et al., 1999) . In contrast, elevated levels of ING1 were reported in melanomas (Campos et al., 2002; Nouman et al., 2002; Kichina et al., 2003) . Moreover, ING1 was found to be excluded from the nucleus in such cancers as melanoma, seminoma, papillary thyroid carcinoma, ductal breast carcinoma and acute lymphoblastic leukemia (Nouman et al., 2002) ; the biological meaning of this phenomenon though remains unclear. It is noteworthy that the existence of multiple isoforms of ING1 that appear to be functionally distinct may complicate interpretation of previously published clinical studies since none of the latter distinguished among the different ING1 protein forms.
Thus, despite accumulation of a considerable body of evidence concerning structure, evolution, expression of Ing1 gene and biochemical characteristics of its products, little is understood about physiological significance of ING1 at the organismal level. Evolutionary conservation and the association of ING family proteins with important regulators of gene expression and DNA repair implied the existence of basic physiological functions for these proteins which could be revealed by translation into severe phenotypic defects resulting from deficiency in Ing genes. To directly address this intriguing possibility, we generated mice with targeted disruption of the ing1 locus. The resulting animals appeared viable and fertile, although smaller than the wild-type (wt) ones, and were characterized by an increased sensitivity to ionizing radiation and elevated incidence of lymphomas, observations consistent with tumor-suppressor function of ING1 and its proposed role in DNA repair.
Results

Ing1
À/À -deficient mice have reduced body weight, but no gross abnormalities The mouse ing1 gene is composed of four exons. The first three exons (1a, 1b and 1c) form the 5 0 ends of three alternative ing1 transcripts initiated from different promoters. The fourth exon is common for all transcripts and contains most of the ing1 protein-coding sequences including the conserved PHD finger domain. Three mRNAs give rise to two Ing1 proteins p31 ing1 and p37 ing1 (Zeremski et al., 1999) . To investigate the biological function of ing1, this gene was disrupted by homologous recombination. A 3 kb genomic fragment containing the entire common ing1 exon was replaced with a neomycin resistance (neo) gene abolishing production of both p31 ing1 and p37 ing1 protein isoforms ( Figure 1a ) in embryonic stem (ES) cells in vitro using a standard gene disruption approach. Two selected clones with dual resistance to G418 and gancyclovir were injected into C57BL/6 blastocysts to generate chimeric mice. Male chimeras were backcrossed with C57BL/6 females, and ing1 heterozygous F1 mice were interbred to produce the F2 generation. PCR analysis of tail DNA from these mice revealed transmission of the disrupted allele and generation of mice with all three expected genotypes ( Figure 1b) . To test whether the disruption of the ing1 gene results in its complete inactivation, we analysed expression of ing1 mRNA and proteins in mouse embryo fibroblasts (MEFs). Neither ing1 mRNA nor its protein products were detected in ing1 À/À MEFs by Northern and Western analyses (Figure 1c and d, respectively).
Thorough morphological, histopathological and hematological examination performed at the Mouse Phenotyping Facility at Ohio State University (Columbus, OH, USA) revealed no apparent abnormalities in ing1-deficient animals as compared to ing1
littermates with all phenotypic parameters tested (see Materials and methods) being within normal limits. Animal size was the only morphological parameter slightly different in ing1 À/À animals: analysis of littermates originating from three pairs of ing1 hemizygous parents indicated that ing1 deficiency was associated with the reduction in body weight (Po0.0001, Wilcoxon two sample test, n ¼ 21) in both males (20% reduction) and females (10% reduction) ( Figure 2 ).
Animals of either genotype did not display any obvious signs of gross behavioral abnormalities; however, their ability to care for their progeny may be somewhat impaired since ing1 À/À females showed a tendency to neglect or destroy their progeny (six out of 13 litters in ing1 À/À crosses vs one out of 19 for the wt crosses).
To check whether the loss of ing1 had an effect on embryonic and early postnatal viability, we measured the proportion of ing1 À/À and ing1 þ /À animals among the progeny of heterozygous crosses. Of 143 genotyped offspring, the occurrence of ing1
genotypes (30, 53, 17%, respectively) was slightly different from the expected Mendelian distribution (P ¼ 0.06, w 2 test), indicating that the loss of ing1 may affect survival during development.
Sensitivity of ing1
À/À MEFs to cytotoxic treatments A number of reports have implicated ING1 in stressinduced apoptosis and growth arrest reviewed in He et al. (2005) . We, therefore, investigated the sensitivity of ing1-deficient MEFs to various damaging treatments 
Phenotype of ing1 knockout mice JV Kichina et al including UV-B irradiation and chemotherapeutic drugs. Primary MEF cultures were prepared from the embryos resulting from crossing ing1 heterozygous mice; the genotype of embryos was determined after plating in tissue culture. The experiment was repeated in three independent sets of cultures obtained from different females. No differences were observed between ing1
þ / þ and ing1 þ /À fibroblasts after treatment with taxol, doxorubicin, colcemid or gamma radiation ( Figure 3a ). Marginal but reproducible (in three independent experiments) differences were found in sensitivity to UV-B as ing1-deficient cultures contained a subpopulation of cells that were more sensitive to the treatment ( Figure 3a) . Consistently, fluorescent-activated cell sorting (FACS) analysis showed an increased number of cells in the sub-G1 zone indicative of a higher proportion of apoptotic cells in the UV-B-treated population (Figure 3b ).
FACS analysis of the cell cycle distribution revealed no differences between synchronized (48 h in serum-free medium) and unsynchronized cultures of wt and ing1 À/À MEF (data not shown). The application of different types of growth inhibitory treatments to MEF cultures followed by cell cycle analysis demonstrated altered distribution of cells between G1 and G2 phases in ing1 À/À MEFs: ing1 deficiency was associated with a small (see numbers in Figure 3b ), but reproducible (in three independent experiments) decrease in proportion of G2 after the treatments with UV-B, doxorubicine and taxol. This apparent alteration in cell cycle checkpoint control, however, was not translated into significant changes in sensitivity to radiation and drugs under the experimental conditions used.
Ing1
À/À MEFs are capable of p53 induction in response to UV treatment It has been reported previously that ING1 cooperates with the transcriptional activation function of p53 (Garkavtsev et al., 1998) . Nevertheless, we failed to detect any difference between ing1-deficient and wt MEFs in UV-induced p53 activation (Figure 4 ). Both showed p53 accumulation after UV treatment accompanied by the accumulation of cyclin-dependent kinase inhibitor p21 encoded by p53-responsive gene p21/waf1/ cip1 (el-Deiry et al., 1993) . The amounts of accumulated p53 and its ability to induce its transcriptional target p21 were essentially indistinguishable between the MEFs of either genotype. Hence, small differences in UV sensitivity of ing1-deficient fibroblasts were not accompanied by obvious differences in their p53 response. This, however, does not mean that p53 is not involved in modulation of cell sensitivity to UV by ing1 since the latter may affect G2 checkpoint control activity of p53, a possibility that remains to be experimentally tested. Another function of p53, control of replicative senescence, was also unchanged in ing1-deficient MEFs, which were indistinguishable from the wt cells in their lifespan in culture (data not shown).
Ing1 deficiency results in reduced resistance to total body gamma irradiation To see whether animal response to genotoxic stress changed after the deletion of ing1 gene, we compared the sensitivity to gamma irradiation of ing1 À/À and wt mice. First, males and females of both genotypes were exposed to a single dose of total body gamma radiation and their survival was monitored. We used two radiation doses that cause animal death through different mechanisms: 11 Gy (Figure 5a ), that kills animals primarily by induction of hematopoietic syndrome, and 15 Gy, that causes more rapid death from gastrointestinal syndrome (Komarova et al., 2004) . p53-deficient mice, known to be resistant to radiation-induced hematopoietic syndrome (Komarov et al., 1999) , were used for comparison (data not shown). No significant differences were observed in the death rate of ing1-deficient and wt mice at any dose applied (Figure 5b ), while p53-deficient animals demonstrated the expected radiation resistance.
However, when mice of either ing1 À/À or wt genotype were subjected to six consecutive daily doses of 2.34 Gy, there was a remarkable decrease in survival among ing1 À/À animals of both genders (Figure 5c -e). The differences between the wt and knockout animals remained significant after adjustment for gender and body size (P ¼ 0.0001, Cox proportional hazard test). Moreover, the difference was more profound among females (P ¼ 0.0020, Cox proportional hazard test) as compared to males (P ¼ 0.0229, Cox proportional hazard test).
Increased incidence of lymphomas in aging ing1-deficient mice To test the long-term effect of the absence of ing1 gene expression, 118 ing1 À/À mice and 54 of their littermates with wt genotypes were monitored for 23 months. During the period of observation 42 ing1-deficient (35.6%) and 11 wt littermates (20.8%), showed signs of morbidity or visible abnormalities, indicating a Phenotype of ing1 knockout mice JV Kichina et al significant difference between the genotypes (P ¼ 0.045, w 2 test). The moribund animals were examined for gross pathology. In addition, a number of asymptomatic mice of all three genotypes were killed and examined as agematched controls.
As opposed to wt animals, a number of ing1 À/À mice revealed splenomegaly upon necropsy. Enlarged spleens had large white pulp areas (Figure 6a ) suggesting the possible presence of lymphomas in such mice. Histopathological analysis of 42 ing1 À/À mice indeed showed lymphomas in nine of them (21%, Figure 6c , Table 1 ). Importantly, none of 11 wt moribund littermates had lymphomas at comparable age. All but one lymphoma was localized in the spleen. Most frequently, lymphomas were composed of a pleomorphic population of small lymphocytes, centrocytes, centroblasts and follicular center cells, resembling those of a germinal center (Figure 6c) . To a different, extent neoplastic lymphocytes were also detected in the liver, kidney, lungs and mesentrial and mediastinal lymph nodes. Immunohistochemical evaluation demonstrated presence of CD45R antigen in six tumors (Figure 6d ), while two lymphomas were bi-phenotypic, with the CD45R þ CD3 þ phenotype. Thus, the majority of lymphomas were classified as follicular center B-cell lymphomas.
Both ing1 À/À and their wt littermates have developed other neoplasms, including histiocytic sarcoma, soft tissue tumors and myeloid leukemia ( À/À and ing1 þ / þ MEFs upon treatments with 10 Gy of gamma radiation, 210 mJ cm À2 sec of UV, 100 ng/ml of doxorubicin, 20 ng/ml taxol and 20 ng/ml of colcemid (representative result of one of three experiments performed). The proportions of cells in G2 phase are indicated.
Phenotype of ing1 knockout mice JV Kichina et al agreement with earlier published rates of such tumors in aging C57BL/6/129 mice (Ward et al., 2000) .
Discussion
The interest in the phenotypic consequences of Ing1 deficiency in a mammalian organism stems from multiple observations made both in mammalian cells and in yeast. The Ing1 gene is well conserved between the two taxa and so is the association of its products with histone acetylation/deacetylation complexes (reviewed in Campos et al., 2004a; He et al., 2005) . In yeast, ING1-related proteins are essential for the maintenance of normal growth and morphology, as well as metabolism Figure 4 ing1-deficient cells are capable of activating p53 in response to UV irradiation. Wt and ing1 À/À MEFs were irradiated with UV. Levels of p53 and p21 proteins were assayed at indicated time points by immunoblotting with anti-p53 and anti-p21 antibodies, respectively.
Figure 5 Survival of ing1
À/À and wt mice after gamma irradiation. Five females and five males of each genotype were subjected to 11 Gy (a) or 15 Gy of gamma irradiation (b). Survival was monitored for three months following the treatment. No additional mortality was observed after day 16 (a). (c). 21 ing1 À/À and 32 wt mice were given six consecutive daily doses (2.34 Gy each) of gamma radiation, starting at day 1 (indicated by arrows). Percent survival is shown for all animals (upper panel) and separately for females and males. For survival, animals were monitored for 36 days.
Phenotype of ing1 knockout mice JV Kichina et al of nonfermentable carbon sources and resistance to various stress stimuli (Loewith et al., 2000) . In mammalian cells, inhibition of Ing1 expression by a GSE promotes transformation (Garkavtsev et al., 1996) , while ING1 proteins cooperate with p53 tumor suppressor (Garkavtsev et al., 1998) and are deregulated in a variety of malignancies (Ohmori et al., 1999; Oki et al., 1999; Toyama et al., 1999; Chen et al., 2001; Campos et al., 2002; Nouman et al., 2002; Ohgi et al., 2002) . These findings, as well as the suggested involvement of ING1 in cell death (Helbing et al., 1997; Garkavtsev et al., 1998; Shinoura et al., 1999; Kuzmichev et al., 2002; Shimada et al., 2002) and repair (Cheung, Jr et al., 2001 ) prompted us to investigate the phenotypic consequences of ING1 deletion at an organismal level. Ing1 encodes several protein isoforms that might be functionally different (Zeremski et al., 1999; Scott et al., 2001b; Skowyra et al., 2001; Vieyra et al., 2002) . Since there is some degree of uncertainty about the functional interplay among the various ING1 isoforms, we chose an approach to constitutively eliminate all the products of this locus via homozygous deletion of the conserved common exon that is shared by all Ing1 protein variants (Zeremski et al., 1999) . The knockout succeeded in that no ing1 gene products were detectable in the cells and organisms carrying the homozygous mutation. Somewhat unexpectedly for such an evolutionarily conserved and functionally active gene, ing1-deficient animals did not exhibit major developmental or behavioral abnormalities. The most noticeable morphological change accompanying the loss of ing1 was reduction in body size.
The deviation from Mendelian distribution in the progeny of heterozygous animals suggests that ing1-deficient individuals are preferentially lost during embryogenesis or the early postnatal period. Interestingly, contrary to what is expected from the Mendelian distribution, the occurrence of heterozygous pups in these crosses is also lower than double the occurrence of their wt littermates. This may indicate that the 
c Soft tissue tumors include hemangiosarcoma (n ¼ 1), NOS (n ¼ 1), malignant fibrous histiocytoma (n ¼ 1) in ing À/À mice, and hemangioma (n ¼ 1) and angiosarcoma (n ¼ 1) in their wild-type littermates. Phenotype of ing1 knockout mice JV Kichina et al heterozygous mice also have reduced viability in comparison to their normal counterparts.
Our experimental strategy was to characterize various phenotypes previously associated with ING1 function at the cellular level. Barring small, albeit reproducible, differences following UV treatment, ing1-deficient and wt cells remained indistinguishable in their growth rates, responses to various stress stimuli and abilities to activate p53 tumor suppressor. It is noteworthy, that, according to the published reports (Cheung, Jr et al., 2000) , fibroblasts, unlike melanocytes and keratinocytes fail to induce Ing1 in response to DNA damage; therefore further investigating the role of Ing1 in DNA repair may require using other cell type models. Although suppression of Ing1 by antisense RNA was reported to extend lifespan of human fibroblasts, suggesting involvement of Ing1 in the control of replicative senescence ), we could not detect any difference in the lifespan of MEFs derived from ing1 À/À and wt animals.
The ing1-deficient animals showed a peculiar pattern of sensitization to gamma irradiation. Although not significantly different after single-dose treatment, these animals succumbed rapidly after frequent repetitive irradiation with lower doses. It is tempting to speculate that this phenomenon is related to the previously reported role of ING1 in DNA repair. In fact, relative hypersensitivity to repetitive low-dose DNA damage is consistent with a defect in DNA repair systems. In any case, pronounced sensitization of ing1 À/À animals suggests that this function of ing1 cannot be compensated by other proteins.
At the organismal level, the differences between the wt and the ing1-deficient animals became noticeable at an older age, when higher proportion of ing1 À/À mice developed lymphoid malignancies. This observation points at the potential involvement of the Ing1-p53 link in determination of this phenomenon: it is noteworthy that the majority of spontaneous malignancies appearing in p53-deficient mice are also lymphomas, although developing much earlier than those in ing1-deficient mice (Donehower et al., 1992) . In addition to the tumor phenotype, a number of ing1 À/À mice (n ¼ 15, 36, vs 1.9% in the control group) had intestinal inflammatory, nephropathy or periarteritis nodosa (Table 1) . Potentially, all those lesions may be indicative of a deregulated immune response. However, due to the limited number of observations, these results were not statistically significant, and the putative role of ing1 in the regulation of immune response requires further evaluation.
Although we cannot exclude the possibility that the sensitivity or specificity of our assays was insufficient to detect some significant changes induced by ing1 deficiency, the phenotype of ing1 À/À animals appeared to be milder than what might be suggested based on the results of prior studies on this gene and its products. The lack of prominent abnormalities in ing1 À/À animals may be a consequence of several, not mutually exclusive, biological phenomena. First, it is becoming clear that Ing1 is a member of a conserved protein family (He et al., 2005) . Based on structural similarity one may predict certain degree of functional redundancy among these proteins and, as the result, low penetrance of loss of function mutations in individual members. Indeed, more profound ING1 association with cancer was shown for two other members of ING family, ING3 and ING4: reduced expression and allelic loss of ING3 was frequently found in head and neck squamous cell carcinomas (Gunduz et al., 2002) , while ING4 is downregulated in the majority of glioblastomas (Garkavtsev et al., 2004) .
Second, earlier experiments with Ing1 in mammalian cells were conducted on the genetic background of stable cell lines, which are likely to contain multiple genetic changes. It is possible that additional genetic alterations have to cooperate with Ing1 in order to reveal the role of the latter in such processes as tumorigenesis and stress response. In this case, the lack of a severe phenotype in ing1 À/À animals may be explained, for example, by functional complementation of otherwise structurally unrelated proteins.
Finally, direct functional comparison of the biological activities of the long and short proteins encoded by mouse ing1 led to the conclusion that the two protein products have opposite biological activity with respect to histone acetylation and the p53 signalling pathway, with the longer one being a p53 inhibitor (Zeremski et al., 1999) . In this case, simultaneous elimination of both proteins could have milder consequences than individual knockouts.
The lymphoma-prone phenotype of the ing1
does not rule out the involvement of this locus in the function of other tissues, but rather reflects the situation where the natural redundancy of the cellular pathways is insufficient to compensate for the change in a certain tissue. All these possibilities can be experimentally addressed by selective elimination of individual ing1 isoforms and genetic crosses that combine ing1 deficiency with other genetic alterations. In summary, the phenotype of mice with targeted disruption of ing1 À/À is consistent with the original definition of this gene as a candidate tumor suppressor. Hypersensitivity of the knockout animals to repetitive low-dose DNA damage is consistent with ing1 involvement in repair and genome maintenance. The animals generated in this work provide a valuable model for future studies on Ing1 functions on cellular and organismal levels.
Materials and methods
Generation of ing1-deficient mice Genomic clones containing the entire ing1 sequences were isolated from 129/SVJ mouse genomic library (Stratagene, CA, USA) using ing1 cDNA as a probe (Ramirez-Solis and Bradley, 1994) . ing1 was disrupted by replacing common ing1 exon for neo gene-expressing cassette using OS.DUP/DEL vector. A 4 kb-long NotI-BamHI fragment of genomic DNA positioned upstream from the ing1 common exon, containing ing1 exon 1c, was directly cloned into OS.DUP/ DEL. Another 4 kb-long PstI-XbaI genomic fragment positioned downstream from the common ing1 exon was cloned first into a pBluescript and then cloned into OS.DUP/DEL vector using XhoI and NheI sites. To allow negative selection, a herpes simplex virus thymidine kinase gene was positioned downstream of ing1 genomic fragment (Ramirez-Solis and Bradley, 1994) .
Targeting vector linearized by PvuI was introduced into CJ-7 ES cells by electroporation (Swiatek and Gridley, 1993; Kiyokawa et al., 1996) . Transfected cells were selected in the presence of 0.5 mg/ml G418 and 0.2 mM gancyclovir and analysed by Southern blot hybridization following XhoI digestion. The 1 kb-long XhoI-NotI fragment, located upstream of the targeting vector fragment, was used as a hybridization probe which reveals a 6.2 kb fragment in ing1 À/À , a 15 kb fragment in wt and both fragments in ing1 þ /À heterozygous cells.
Selected ES cells were injected into blastocyst-stage C57BL/ 6 mice embryos and subsequently transferred into pseudopregnant C57BL/6 recipient. Chimeric males were crossed to C57BL/6 females. Germline transmission of the injected ES cells was monitored by identifying agouti mice among the F1 offspring of chimeric animals crossed with C57BL6 mice and subsequent PCR analysis. F1 heterozygous mice were interbred to produce F2 generation.
Genotyping of mice was routinely performed by PCR using genomic DNA isolated from tails of weaning age pups. Neospecific primers (antisense: 5 0 -GCTGTGCTCGACGTTGT CAC-3 0 ; sense: 5 0 -CTCTTCGTCCAGATCATCCTG-3 0 ) detect a 248 bp fragment from the knockout allele, while ing1-specific primers (antisense: 5 0 -GCGTTCTCTCGATTCT CATTGTTT-3 0 ; sense: 5 0 -CCTGAAGGAGCTGGACGAC TACT-3 0 ) amplify a 344 bp fragment from the wt ing1 locus and fail to do so in the knockout one (Figure 1b) . PCR regime included 3 min at 941C followed by 30 cycles consisting of 1 min at 941C, 1 min at 601C and 40 s at 721C completed by 5 min at 721C.
Animals were maintained in a pathogen-free environment at Cleveland Clinic Animal Facility in accordance with regulations. Gamma radiation was performed using a Sheperd 137 Cs source at a dose rate of 3.85 Gy/min.
Mouse phenotyping
Comparison of a pair wt and ing1 knockout littermates was performed at the Mouse Phenotyping Facility at Ohio State University (Columbus, OH, USA; Director: Dr Donna F Kusewitt). Males and females (6-week-old) were analysed using morphological and X-ray examination of organs, estimation of gross animal weight and weight of individual organs, histopathological examination of HEstained samples of major tissues (heart, diaphragm, tongue, soleus, lung, thymus, trachea, esophagus, thyroid, parathyroid, kidney, salivary glands, cervical lymph nodes, adrenal, pituitary, stomach, pancreas duodenum, Ileum, cecum, colon, liver, gall bladder, spleen, testis, epididymis, seminal vesicle, prostate, bladder, rectum, neck skin, inguinal skin, mammary gland, preputial gland, knee, sternum, femur, spine, brain, head, eyes, ovary), and hematological and serum chemistry analysis.
Pathology diagnosis
Moribund mice were killed and examined grossly. Organs with pathological lesions were collected and fixed in 10% buffered formalin. Fixed tissues were processed by the Imaging Core at the Cleveland Clinic. Paraffin-embedded sections were stained with hematoxylin and eosin or with rabbit anti-human CD3 polyclonal antibody (DACO, Denmark) at 1 : 400 dilution and with biotin-conjugated rat anti-mouse CD45R/B220 monoclonal antibody RA3-6B2 (BD Biosciences Pharmingen, CA, USA) at 1 : 50 dilution.
Southern and Northern blot hybridizations
Total RNA was extracted from cells and tissues by Trizol Reagent (Invitrogen Co, CA, USA), while genomic DNA was purified by DNAeasy kit (Qiagen Inc., CA, USA). DNA and RNA analyses were performed as described previously (Zeremski et al., 1999) .
Western immunoblotting
Cells were lysed in RIPA buffer (25 mM Tris HCl, pH7.2, 125 mM NaCl, 1% NP40, 1% sodium deoxycholate, 1 mM EDTA) containing 1 mM PMSF (Sigma-Aldrich Co, MO, USA), 10 mg/ml of aprotinin ((Sigma-Aldrich Co, MO) and 10 mg/ml of leupeptin (Sigma-Aldrich Co, MO, USA). Protein concentrations were determined by Dc protein assay kit (BioRad Laboratories, CA, USA). Equal amounts of 30 mg oftotal protein were separated on gradient 4-20% precast NuPage Novex gels (Invitrogen Co, CA, USA) and blotted onto PVDF membranes (Amersham Life Science, IL, USA). Ing1 protein isoforms were detected using monoclonal anti-ING1 antibodies CAB1 (BD Biosciences Pharmingen, CA, USA) at 1 : 1000 dilution. p53 and p21 were visualized by mouse monoclonal antibodies DO1 and F-5 (Santa-Cruz Biotechnology Corp, CA, USA) at 1 : 1000 dilution, respectively. Secondary goat anti-mouse IgG HRP conjugated antibodies used at 1 : 3000 dilutions were also obtained from Santa-Cruz Biotechnology Corp. (CA,USA).
Mouse embryonic fibroblasts
Primary cultures of mouse embryonic fibroblasts were isolated from 12.5-day embryos according to standard protocol and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. In total, 10 000 cells were plated per one well of 96-well plate, and subjected to a range of treatments with cytotoxic drugs or UV next day. After 5 days, cell survival was measured by standard methylene blue staining/extraction assay. In brief, cells were fixed with methanol and stained with 1% methylene blue dye dissolved in 50% methanol solution. Methylene blue was then extracted from the cells by 1% HCl and the absorbance was measured at 600 nm.
Analysis of cell cycle using FACS Cells were lifted from the plate by incubation with 0.5 M. EDTA, washed with PBS and fixed in 70% ethanol. After 30 min incubation at À201C, ethanol was replaced by staining solution (100 mg/ml of RNAse A and 40 mg/ml of propidium iodide). After 2 h incubation at 371C, DNA content was measured using FACS Calibur (Becton Dickinson) and analysed using CellQuest software.
